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Synchrotron Superbubble in the Galaxy IC 10: The Ionized Gas 
Structure, Kinematics, and Emission Spectrum 
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Abstract. We have investigated the structure, kinematics, and emission spectrum of the ionized gas in the 
synchrotron superbubble in the irregular galaxy IC 10 based on observations with the 6-m Special Astrophysical 
Observatory telescope with the SCORPIO focal reducer in three modes: direct imaging in the [SII]A(6717+6731) A 
lines, long-slit spectroscopy, and spectroscopy with a scanning Fabry-Perot interferometer. We have identified a 
bright (in the [SII] lines) filamentary optical shell and determined its expansion velocity, mass, and kinetic energy. 
The nature of the object is discussed. 
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1. Introduction 

The dwarf irregular galaxy IC 10 is widely used to inves- 
tigate the structure, kinematics, and emission spectrum 
of the interstellar medium in star burst regions. Multiple 
ionized and neutral shells and supershells, arc and ring 
structures with sizes from 50 to 800-1000 pc, and a dif- 
fuse ionized gas component are observed in this galaxy 
(Zucker 2000; Wilcots and Miller 1998; Gil de Paz et al. 
2003; Leroy et al. 2006; Chyzy et al. 2003; and references 
therein). Its stellar population suggests a recent starburst 
(t = 4-10 Myr) and an older starburst (t > 350 Myr) 
(Hunter 2001; Zucker 2002; Massey et al. 2007). 

Two features distinguish IC 10 among other dwarf 
starburst galaxies and make its studies particularly in- 
teresting: 

(1) The anomalously high number of Wolf-Rayet 
(WR) stars, which is a factor of 20 greater than that in the 
Large Magellanic Cloud. The space density of WR stars 
reaches 11 per square kiloparsec (Massey et al. 1992; 
Richer et al. 2001; Massey and Holmes 2002; Crowther 
et al. 2003; Massey et al. 2007; Vacca et al. 2007; and ref- 
erences therein). This is the highest density of WR stars 
among the dwarf galaxies comparable to that in massive 
spiral galaxies. For a normal initial mass function, such a 
high density of WR stars is indicative of an almost "si- 
multaneous" current starburst affecting the bulk of the 
galaxy. 
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(2) The so-called synchrotron superbubble discovered 
by Yang and Skillman (1993) and, as it seems to us, has 
not yet been explained exhaustively. The authors associ- 
ated this extended source of nonthermal radio emission 
with the explosions of about ten supernovae. Given that 
the characteristic detectability time of the synchrotron 
radio emission from a supernova remnant is ~ 10 5 yr, 
these explosions should also have occurred almost simul- 
taneously. The model of multiple supernova explosions is 
also used in present-day papers (see, e.g., Bullejos and 
Rosado 2002; Rosado et al. 2002; Thurow and Wilcots 
2005). Recently Lozinskaya and Moiseev (2007) offered an 
alternative explanation for the nature of the synchrotron 
superbubble: a hypernova explosion. 

The synchrotron nature of the radio emission from the 
superbubble is confirmed by the high degree of its polar- 
ization revealed by Chyzy et al. (2003). Figure 2 from the 
above paper shows that the polarization vector is parallel 
to the dense dust layer observed here. 

Note that, in fact, the observations by Yang and 
Skillman (1993) reveal no shell structure of this radio 
source, so the term "superbubble" was introduced by the 
authors based on the nature of the object suggested by 
them. 

In this paper, we investigate in detail the structure, 
kinematics, and emission spectrum of the ionized gas in 
the region of the nonthermal radio source based on obser- 
vations with the 6-m Special Astrophysical Observatory 
(SAO) telescope with the SCORPIO focal reducer in three 
modes (direct [SII] line imaging, long-slit spectroscopy, 
and spectroscopy with a scanning Fabry-Perot interfer- 
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ometer). The data obtained revealed a bright (in [SII] 
lines) filamentary shell that could be identified with the 
synchrotron superbubble. We determined the expansion 
velocity, mass, and kinetic energy of the optical shell and 
discuss the nature of the object. 

In the succeeding sections, we describe the observing 
and data reduction techniques, present and discuss the 
results obtained, and summarize our main conclusions. 

The published estimates of the color indices and dis- 
tance for IC 10 vary greatly due to the low Galactic 
latitude of the object, b =3?3 (Demcrs et al. 2004). In 
our paper, we use the values of E(B — V) = 0.95 m and 
(m - M) = 24.48 ± 0.08 m refined by Vacca et al. (2007), 
corresponding to a distance of r = 790 kpc to IC 10 and 
an angular scale of ~ 4 pc/". 

All of the radial velocities in this paper are heliocentric. 

2. Observations and data reduction 

2.1. Interferometric Observations 

Interfcromctric observations of IC 10 were per- 
formed on September 8/9, 2005, at the prime 
focus of the 6-m telescope using the SCORPIO 
focal reducer; the equivalent focal ratio of the 
system was F/2.6. SCORPIO was described by 
Afanasiev and Moisecv (2005) and on the Internet 
(http : //www . sao . ru/hq/lsf vo/devices . html); the 
SCOPRIO capabilities in interferometric observations 
were also described by Moiseev (2002). 

We used a scanning Fabry-Perot interferometer (FPI) 
operating in the 501st order at the Ha wavelength. The 
spacing between the neighboring orders of interference, 
AA = 13 A, corresponded to a region free from order 
overlapping of ~ 600 km s _1 on the radial velocity scale. 
The FWHM of the instrumental profile was ~ 0.8 A, or ~ 
35 km s _1 . Premonochromatization was performed using 
an interference filter with FWHM = 13 A centered on the 
Ha line. The detector was an EEV 42-40 2048 x 2048- 
pixel CCD array. The observations were performed with 
2 x 2-pixcl binning to reduce the readout time. In each 
spectral channel, we obtained 1024 x 1024-pixel images at 
a scale of 0.35" per pixel; the total field of view was 6.1'. 

During our observations, we successively took 36 in- 
terferograms of the object for various FPI plate spac- 
ings, so the width of the spectral channel corresponded 
to S\ = 0.37 A, or 17 km s _1 near Ha. To properly sub- 
tract parasitic ghosts from the galaxy's numerous emission 
regions, the observations were performed for two different 
orientations of the instrument's field of view. The total 
exposure time was 10 800 s; the seeing (the FWHM of 
field-star images) varied within the range 078-l'.'3. 

We reduced the observations using software running 
in the IDL environment (Moiseev 2002). After the pri- 
mary reduction, the observational data were represented 
as 1024 x 1024x36 data cubes; here, a 36-channel spectrum 
corresponds to each pixel. The final angular resolution (af- 
ter smoothing during the data reduction) was ~1'.'2. The 



formal accuracy of the constructed wavelength scale was 
about 3-5 km s _1 . 

2.2. Images in Emission Lines 

Images in the [SII] A6717,6731 A doublet emission lines 
were obtained on the 6-m telescope with the SCORPIO 
focal reducer. A log of photometric observations is given 
in Table 1, which lists the dates of observations, the cen- 
tral wavelengths (Ac) and FWHMs of the filter used, 
the total exposure times (T e xp), and the average seeing. 
This table includes a filter whose passband contained the 
[SII] A6717,6731 A emission lines and a filter centered on 
the continuum near these lines. 

The detector was an EEV42-40 CCD that provided 
a scale of 0.36" per pixel (in 2 x 2 readout mode). The 
data were reduced using a standard procedure. When con- 
structing the maps of "pure" [SII] line emission, we sub- 
tracted the continuum image from the images in the filter 
containing the emission lines and continuum. 

A monochromatic image in Ha was constructed by in- 
tegrating the flux in this emission line in the FPI spectra 
(see the previous section). 

2.3. Long-Slit Spectroscopy 

Spectroscopic observations of IC 10 were performed with 
the same SCORPIO instrument operating in the mode 
of a long-slit spectrograph with a slit about 6' in length 
and 1" in width. The scale along the slit was 0.36" 
per pixel. The total exposure time was 3600 s at a seeing 
of about 1'.'4. We used the volume phase holographic grat- 
ing VPHG1200R, which provided the spectral range AA = 
5650-7350 A that included the Ha, [Nil] A6548, 6583 A, 
and [SII] A6717, 6731 A emission lines. The spectral res- 
olution estimated from the widths of night-sky lines was 
about 6 A. The data were reduced in a standard way; 
the spectrophotometric standard BD + 25^4655 observed 
immediately after the object almost at the same zenith 
distance was used for energy calibration. The intensities 
and radial velocities of the emission lines were determined 
by means of single-component Gaussian fitting. The ac- 
curacy of the absolute velocity measurements estimated 
from night-sky lines was ~ 10-20 km s _1 . 

3. Results of observations 

3.1. Morphology of the Region in the Ha and [SII] 
Lines 

Figure 1 shows our [SII] A(6717 + 6731) A line image of 
the southeastern part of IC 10 with 20-cm radio emission 
contours from Yang and Skillman (1993) superimposed. 
The synchrotron superbubble is located southeast of the 
dust lane that is clearly seen in the galaxy's optical images. 

Figure 2 compares the Ha and [SII] line images of the 
region. Figure 2a shows the synchrotron superbubble re- 
gion in Ha based on our FPI observations. Also shown 
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Fig. 1. [SII]A(6717 + 6731) A lines image of the southeastern part of the galaxy obtained with the 6-m telescope with 
20-cm radio emission contours from Yang and Skillman (1993) superimposed. 



here are the positions of spectroscopically confirmed WR 
stars from the lists by Royer et al. (2001) and Massey and 
Holmes (2002) as well as star clusters in the region from 
the list by Hunter (2001). Figure 2b presents our image 
of the region in the sulfur emission lines. The [SII] dou- 
blet lines are known to be optimal for revealing the emis- 
sion from the gas behind the front of a shock propagating 
with a velocity characteristic of old supernova remnants. 
Indeed, a filamentary shell about 40"-44" in size with the 
center at a (2000) = h 20 m 29 s , <5 (2000) = 59°16'40" is seen 
most clearly in the [SII] line image of the galaxy. 

The shell is morphologically inhomogencous in the 
plane of the sky: a brighter diffuse symmetric spherical 
structure about 30" in size with the center at a(2ooo) = 
h 20 m 30 s , (5 ( 2ooo) = 59°16'44" and a filamentary struc- 



ture about 44" x (30-40)" in size with the center at 

"(2000) = h 20 m 30 s , <5 (2 ooo) = 59°16'36" elongated in the 
same direction as the dust layer are noticeable in the [SII] 
lines. These can be a dumbbell- type structure or an as- 
phcrical shell with a nonuniform brightness. Both variants 
can be naturally explained by a nonuniform density of the 
ambient interstellar medium, as evidenced by the presence 
of a dense HI and CO cloud (see the text below) and a dust 
layer. This optical shell structure, which is bright in the 
[SII] A(6717 + 6731) A lines, agrees in localization and size 
with the the radio shell (see Fig. 1). Therefore, it can be 
identified with the optical emission from the synchrotron 
superbubble. 

At least three more fainter filamentary shell structures 
that go far beyond the synchrotron superbubble are ob- 




Fig. 2. Images of the synchrotron superbubble region (a) in Ha based on our FPI observations and (b) in the 
[SII] A(6717 + 6731) A lines (the continuum was subtracted). The positions of spectroscopically confirmed WR stars 
from the lists by Royer et al. (2001) (denoted by the letter R) and Massey and Holmes (2002) (denoted by the letter M) 
as well as star clusters from the list by Hunter (2001) (denoted by two numerals) are shown. 
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Fig. 3. Localization of the two systems of scans for which the P/V diagrams were constructed from our FPI observa- 
tions in Ha and some of the P/V diagrams. The scans are marked up in arsec: (a) 12 scans in directions parallel to 
the dust layer; (b) 11 scans in a perpendicular direction. The asterisk marks the position of the star WR M17. 
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served northeast, west, and southwest of this bright optical 
shell. 

The [SII] line image of the galaxy from Rosado 
et al. (1999) is also indicative of an intense emission in 
the region. We do not associate the arc structure far be- 
yond the western boundary of the radio source that was 
mentioned by these authors with the synchrotron super- 
bubble, because there is no detectable radio emission here. 

As we see, the optical emission is characterized by a fil- 
amentary structure both in the synchrotron superbubble 
and in its immediate vicinity. The wind from at least four 
WR stars can be important in producing the filamentary 
structure of the region: M20 and M23 are located in the 
"northeastern" shell, M17 is located in the shell identified 
with the synchrotron radio source; R12 is located in the 
bright part of the "western" shell. The star M17 is cur- 
rently believed to be a component of an X-ray binary: a 
WR star in a pair with a black hole — the brightest X- 
ray source X-l in the Galaxy (Brandt et al. 1997; Bauer 
and Brandt 2004; Wang et al. 2005). As we showed in 
(Lozinskaya and Moiseev 2007), this object can represent 
the compact remnant of a hypernova whose explosion gave 
rise to the synchrotron superbubble. 



The contribution of two star clusters, 4-6 and 4-7, from 
the list by Hunter (2001) can also be important in produc- 
ing multiple shells in this region of the galaxy. 

3.2. Ionized Gas Kinematics in the Synchrotron 
Superbubble 

Based on our Ha observations with a scanning FPI, we 
investigated the kinematics of the ionized hydrogen in 
the entire region southeast of the dust layer. Taking into 
account the complex multishcll filamentary structure of 
the region, the presence of six stellar wind sources men- 
tioned above, and the possible presence of several super- 
nova explosions, we investigated this region in greatest de- 
tail. Diagrams of the gas radial velocity distribution (the 
so-called position- velocity or P/V diagrams) were con- 
structed along 45 scans crossing the synchrotron super- 
bubble in various directions. 

Figures 3a and 3b show the localization of 12 scans in 
directions parallel to the dust layer and 11 scans in a per- 
pendicular direction. For the convenience of orientation, 
the scans in each figure are marked up in arcsec. Also 
shown here are some of the P/V diagrams constructed for 
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Fig. 6. Localization of the HI scans passing through the synchrotron superbubble and the P/V diagrams that we 
constructed from the 21-cm observations by Wilcots and Miller (1998). The shades of gray indicate the HI brightness 
distribution; the isophotcs indicate the [SII] A(6717 + 6731) A line image. 



these scans that allow high- velocity motions to be revealed 
in the region. 

The mean gas velocity in the galactic region under con- 
sideration was estimated from our FPI Ha observations to 
be about —300 —310 km s _1 ; we revealed a radial veloc- 
ity gradient from the northeast to the southwest up to 
—320 — 330 km s _1 . This is in agreement with the data 
from Thurow and Wilcots (2005) (-315 — 320 km s" 1 , as 
inferred from Ha observations) and the data from Wilcots 
and Miller (1998) (—326 km s -1 , as inferred from 21-cm 
HI observations). 



Our P/V diagrams do not reveal the classical velocity 
ellipse (the radial velocities of the near and far sides of an 
expanding shell decrease in absolute value along the radius 
in the plane of the sky). This can be naturally explained by 
the inhomogeneity of the synchrotron superbubble, which 
is actually represented by knots and filaments both in Ha 
and in the [SII] lines (see Fig. 2). 

At the same time, we see distinct deviations of the 
velocities of ionized gas clouds and filaments from the de- 
rived mean gas velocity in the shell. Scans nos. 3 (posi- 
tions 45-65 arcsec), 4 (37-57 arcsec), 5 (37-53 arcsec), 6 
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9p, 66 arcsec 9p, 72 arcsec 9p, 73 arcsec 




Fig. 5. Ha profiles for scans nos. 9p (in a region of 66, 72, 
and 73 arcsec), 5p (54 and 64 arsec), and 7 (45 and 57 
arcsec) shown in Fig. 3. 



(45-53 arcsec), and 7 (about 47 arcsec) as well as nos. 5p 
(61-67 arcsec) and 6p (61-67 arcsec) presented in Fig. 3 
demonstrate the largest velocity deviations. 

As we see, all these scans pass through the central 
part of the superbubble near the brightest X-ray source 
X-l in the galaxy, a black hole in a pair with the WR 
star M17. Since this object is an obvious source of kinetic 
energy that affects the gas structure and kinematics in the 
synchrotron superbubble, more than 10 additional scans 
were made in its immediate vicinity on a larger scale. The 
localization and corresponding P/V diagrams of several 
of them are shown in Fig. 4. 

The gas kinematics near all WR stars in the galaxy 
will be investigated in detail in our next paper (Lozinskaya 
et al. 2008). Therefore, we do not consider here the three 
more WR stars mentioned above that are located in the 
northeast and the southwest outside the synchrotron su- 
perbubble. 

As follows from Fig. 4, the star M17 is located in a local 
aspherical cavity elongated from the north to the south. 
The distance to the outer boundaries of the cavit y is 
about 2" north, cast, and west of the star and reaches 5- 
6" in the southeast (8 and 19-23 pc, respectively). The 
largest deviations of the mean radial velocity from a char- 
acteristic value of —300 km s _1 in the superbubble re- 
gion are observed in the bright walls of this cavity: about 
—360 — 380 km s" 1 on scans nos. 2k, 4k, and 6k. The 
mean velocities of the features with a positive shift rela- 
tive to the mentioned characteristic velocity reach —280- 
—250 km s _1 (see scans nos. 2k — position 14 arcsec, 3k — 
8 and 15 arcsec, 6k — 20-22 arcsec, and 7k — 15 arcsec). 
These features are in the shape of bridges in the P/V dia- 



grams and correspond to low-brightness regions inside the 
cavity. 

We emphasize that the velocities mentioned above 
were determined from the line peak, i.e., they character- 
ize the brightest knots and filaments. We estimated the 
expansion velocity of the superbubble determined by the 
deviations of the line peak velocity from its mean value 
in the bright northern part of the nebula to be about 50- 
80 km s _1 . Fainter wings at a level of about 20-30% of 
the peak intensity are observed in the synchrotron super- 
bubble region in the velocity range from —450 — 420 to 
-200 — 240 km s" 1 . 

The Ha profiles for scans nos. 9p (in a region of 66, 
72, and 73 arcsec), 5p (54 and 64 arcsec), and 7 (45 and 
57 arcsec) presented in Fig. 5 can serve as an example. 
As we see from the figure, some of these profiles exhibit a 
double-peaked structure. 

3.3. Neutral Gas Kinematics in the Synchrotron 
Superbubble 

Based on 21-cm line observations, Wilcots and Miller 
(1998) investigated in detail the kinematics of the neu- 
tral hydrogen in the galaxy. We reanalyzed the data cube 
kindly provided by these authors to present the results in a 
form comparable to our studies of the ionized gas kinemat- 
ics. Our results completely confirmed the data from the 
above paper. Figure 6 shows the localization of five scans 
passing through the synchrotron superbubble for which 
we constructed the P/V diagrams for the neutral gas. As 
follows from the figure, the neutral hydrogen in the region 
of the synchrotron radio source clearly reveals kinematic 
signatures of the shell expansion the classical picture 
of half the velocity ellipse corresponding to the receding 
side of the shell. We emphasize that the shell structure 
in the neutral hydrogen distribution in the region of the 
synchrotron radio source is unseen; we are talking about 
an expanding shell only based on the gas kinematics. The 
mean expansion velocity of the HI shell is 25-30 km s _1 . 
The mass of the neutral gas drawn into this expansion 
reaches M ~ 7 x 1O 5 M , as estimated by Wilcots and 
Miller (1998) (the authors point out that this value is de- 
termined with a low accuracy) . The corresponding kinetic 
energy is E^ n ~ 5 x 10 51 erg. 

The vicinities of the synchrotron superbubble are the 
dynamically most active region of the galaxy in the 21-cm 
line: such a distinct velocity ellipse is observed nowhere 
and the possible expansion velocity of the local HI shells 
in IC 10 estimated by Wilcots and Miller (1998) nowhere 
exceed 20 km s _1 . 

3.4. The Gas Emission Spectrum in the Synchrotron 
Superbubble 

The localization of the slit spectrogram passing through 
the synchrotron superbubble is shown in Fig. 7. For the 
convenience of identification, the spectrogram in the fig- 
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ure is marked up in arcsec; the region from 90" to 125" 
corresponds to the superbubble. 

The spectrum processing results are presented in 
Fig. 8; when analyzing the spectrum, we performed an av- 
eraging over 10 pixels (3"6) along the slit to increase the 
signal-to-noise ratio for faint emission-line regions. The 
error boxes correspond to 3cx. 

As follows from Fig. 8, the line intensity ratio 
J ([SII]) //(Ha) increases significantly in the synchrotron 
superbubble region, thereby confirming the above com- 
parison of the images in these lines. The value of 
7([SII])/7(Ha) = 0.7-1.0 observed in the superbubble 
strongly suggests the emission of the gas behind the shock 
front. The criterion 7([SII])//(Ha) > 0.6 commonly used 
in revealing supernova remnants was exceeded signifi- 
cantly, given the low metallicity of IC 10, Z = 0.2-0.3^0 
(Skillman et al. 1989; Garnett 1990). 

The distribution of the [SII] 6717/6731 A doublet line 
intensity ratio presented in Fig. 8c was used to deter- 
mine the electron density of the gas in the synchrotron 
superbubble. In the [SII] line emission zone, we took 
Te = 10000 K, a temperature typical of low-excitation 
zones. Taking into account the large observational error, 
we determined the density ne ~ 20-30 cm -3 only for the 
brighter northern part of the superbubble (the region 90"- 
105" along the spectrogram), where the errors are rela- 
tively small. 

4. Discussion 

Our [SII] line images reveal the optical shell in the re- 
gion of the synchrotron radio source much more clearly 
than the Ha images. The total size of the filamentary 
shell structure, about 44", corresponds to 168 pc. The 
synchrotron radio source has a comparable size: about 
45-50", i.e., about 170-190 pc at the distance of 790 kpc 
assumed here (in Yang and Skillman (1993), the size of 
the radio source, > 250 pc, corresponded to a distance of 
1.25 Mpc). 

The kinematics of the ionized gas in the galaxy 
was previously discussed by Bullejos and Rosado (2002), 
Rosado et al. (2002), and Thurow and Wilcots (2005). 
The first two papers are brief reports in conference pro- 
ceedings; an expansion velocity of 50-70 km s -1 is only 
mentioned in them, which is completely confirmed by our 
observations. Thurow and Wilcots (2005) obtained 90 Ha 
profiles for each of the five galaxy's fields, one of which 
covers part of the synchrotron superbubble. The authors 
present the radial velocity distribution (we completely 
confirmed these measurements) and point out a large line 
FWHM (about 90 km s _1 ) in the synchrotron superbub- 
ble region. 

Our study of the gas kinematics in the synchrotron 
superbubble region is more systematic and detailed: we 
analyzed the position-velocity diagrams for more than 50 
scans of different widths in different directions crossing 
the entire superbubble region and its immediate vicinities. 
As a result of this analysis, we determined the expansion 



velocity of the system of bright knots in the superbubble, 
Vexp = 50-80 km s _1 (the expansion velocity determined 
from weak line features is about 100 km s _1 ). 

Based on our long-slit spectrum, we estimated the 
mean electron density of the gas in the northern part of 
the synchrotron superbubble from the [SII] doublet inten- 
sity ratio: n e ~ 20-30 cm" 3 . Thurow and Wilcots (2005) 
found a close value, ne = 30-50 cm~ 3 , using the same 
method, but for a different orientation of the spectrograph 
slit. 

Taking, as is commonly assumed in supernova rem- 
nants, the shell thickness to be about 0.1 of its radius, 
we can roughly estimate the mass of the optical shell and 
determine its kinetic energy from the expansion velocity 
found: M ~ 4 x 10 5 M o and £ kin ~ (1-3) x 10 52 erg, 
respectively. Thurow and Wilcots (2005) found a similar 
kinetic energy, E^ n — (5-6) x 10 52 erg, from the mean 
Ha FWHM in the superbubble. A lower kinetic energy of 
the optical shell, E^ n = (0.6-1.2) x 10 51 erg, is mentioned 
in Bullejos and Rosado (2002) and Rosado et al. (2002), 
probably because these authors used an underestimated 
gas density. 

As we noted above, the mass of the neutral gas show- 
ing signatures of the shell expansion with a velocity of 
25 km s _1 , reaches 7 x 10 5 M Q , as estimated by Wilcots 
and Miller (1998). This gives a kinetic energy E^ n ~ 
4 x 10 51 erg. 

No more than 30% of the supernova explosion energy 
is known (see, e.g., Chevalier 1974) to be transferred to 
the ambient interstellar medium. Therefore, the total ki- 
netic energy of the ionized and neutral gas found actually 
corresponds to the explosions of about ten supernovae, 
given that the stellar wind from the host association of 
these supernovae can provide approximately the same to- 
tal kinetic energy input (see the estimates by Yang and 
Skillman 1993). Therefore, in present-day works (see, e.g., 
Bullejos and Rosado 2002; Rosado et al. 2002; Thurow 
and Wilcots 2005), based on the estimates of kinematic 
parameters for the ionized gas in the region of the nonther- 
mal radio source, the authors also adopt the hypothesis of 
multiple supernova explosions. Bullejos and Rosado (2002) 
and Rosado et al. (2002) found a lower kinetic energy and 
estimated the necessary number of supernovae to be 3-6. 

In (Lozinskaya and Moiseev 2007) we offered an al- 
ternative explanation for the nature of the synchrotron 
superbubble: a hypernova explosion. We pointed out that 
the binary X-ray source -1, which is currently believed 
(Bauer and Brandt 2004; Wang et al. 2005) to be an ac- 
creting black hole in a pair with the WR star M17, is a 
possible compact remnant of this hypernov£0. 

We emphasize that the kinetic energy of the optical 
shell found here can be provided both by a hypernova ex- 



Recently Prestwitch et al. (2007) and Silvereman and 
Filippenko (2008) showed the mass of the black-hole compan- 
ion to M17 to be 23-35 solar masses and thereby fully confirmed 
the assumption of Lozinskaya and Moiseev (2007) concerning 
the Hypernova explosion. 
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plosion and by the model of multiple supernova explosions 
suggested previously. In (Lozinskaya and Moiseev 2007), 
we reached the conclusion that a hypernova explosion ex- 
plained better the nature of the synchrotron superbubble 
than multiple supernova explosions by analyzing the ra- 
dio emission from the object. In this paper, for the first 
time, we have taken into account the fact that the ex- 
plosions of "recent" supernovae in the model by Yang and 
Skillman (1993) occur in a tenuous cavity inside the super- 
bubble swept out by the "first" supernovae. Our analysis 
of this effect (Lozinskaya and Moiseev 2007) showed that 
subsequent supernova explosions add little to the radio 
brightness of the synchrotron superbubble produced by 
the first explosions and, accordingly, the necessary number 
of explosions in the model of multiple supernovae increases 
significantly. Therefore, a hypernova explosion seems a 
more plausible formation mechanism of the synchrotron 
superbubble. 

In recent years, interest in the possible hypernova rem- 
nants has increased greatly, because the latter are as- 
sumed to be associated with gamma-ray bursts. However, 
the kinetic energy of the superbubble found Eg = (1- 
10) x 10 52 erg can often be adequately explained not only 
by a hypernova explosion, but also in terms of the classical 



model of the combined action of stellar winds and multi- 
ple supernovae of an OB association. Indeed, multiple su- 
pernova explosions in the galaxy's local region suggest the 
presence of a rich host OB association. The results of a de- 
tailed analysis of the physical conditions and nature of the 
two presumed hypernova remnants in the galaxy M 101 
performed by Lai et al. (2001) and Chen et al. (2002) 
can serve as an illustration. One of them (MF 83) can 
be reliably reidentified as the superbubble swept out and 
ionized by the stars of four OB associations; the second 
(NGC 5471) can actually be associated with a hypernova 
explosion. Note that the object MF 83 is not associated 
with the synchrotron radio source, which should have im- 
mediately called into question its identification as being 
the result of a hypernova explosion or multiple supernova 
explosions. However, this question is not quite unambigu- 
ous either: the presence of a gas ionized by the host asso- 
ciation can make the thermal radio emission in the region 
predominant. 

The anomalously high kinetic energy of some HI 
shells surrounding classical supernova remnants (see, e.g., 
Gosachinskij and Khersonskij (1985), Gosachinskij (2005), 
and references therein) do not provide unequivocal evi- 
dence for a hypernova explosion either. First, the wind 
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Fig. 8. The spectrogram processing results: top Ha inten- 
sity distribution along the slit; middle line intensity ratio 
J([SII]A(6717 + 6731) A)//(Ha); bottom [SII] doublet line 
intensity ratio /(A6717 A)/7(A6731 A). The region from 
90" to 125" corresponds to the synchrotron superbubble. 

from the supernova progenitor and/or the stars of the host 
OB association is an obvious energy source of the outer 
HI shell. Second, the passage from the estimated kinetic 
energy of the HI shell to the initial supernova explosion 
energy is model-dependent. 

Therefore, the main criterion that allows the superbub- 
ble in IC 10 investigated here to be reliably considered a 
remnant of hypernova explosion is its strong synchrotron 
radio emission, which, as we showed in (Lozinskaya and 
Moiseev 2007), is in better agreement with a hypernova 
explosion than with multiple supernova explosions. 

The age of the superbubble determined by its size and 
the expansion velocity found, 50-80 km s _1 , is t ~ (4- 
7) x 10 5 yr, if the remnant is at the Sedov stage or t ~ (3- 
5) x 10 5 yr for the radiative cooling stage. 

This age is a strong argument for the hypothesis of a 
hypernova explosion. It takes at least t ~ 10 7 yr for the 
explosions of about ten supernovae in the galaxy's local 
region about 200 pc in size. 

Note also that the explosions of about ten supernovae 
in a short time interval suggest the presence in the region 



of a rich association of young stars (up to 800 massive stars 
with M > 10M Q , similar to 30 Dor and R136, as estimated 
by Yang and Skillman (1993)). It is hard to "hide" this 
rich host association, although it cannot be completely 
ruled out in principle, given the strong absorption due 
to the low Galactic latitude of IC 10 and the location of 
the synchrotron superbubble near the densest dust layer 
in IC 10. Note that Hunter (2001) identified two clusters 
near the southern boundary of the superbubble, 4-6 and 
4-7 in her notation, but their colors were not determined 
and there is no age estimate. These are by no means richest 
clusters in the galaxy and they are definitely not suitable 
for the role of the "hosts" for the hypothetical multiple 
supernovae. 

In the plane of the sky, the synchrotron superbubble is 
located in the region of the densest HI cloud in the galaxy; 
the densest CO cloud in IC 10 also coincides with the core 
of this cloud (see Fig. 4 from Leroy et al. 2006). 

Comparison of the ionized and neutral gas kinemat- 
ics in the synchrotron superbubble region reveals a clear 
"asymmetry" in the HII and HI velocity distribution. 
Indeed, the most distinct "high- velocity" Ha emission fea- 
tures are shifted toward the negative velocities, while the 
relatively more amorphous HI emission regions represent 
the receding side of the expanding shell at the velocities 
shifted toward the positive values. Based on the observed 
"asymmetric" kinematics of the ionized and neutral gas, 
we conclude that along the line of sight, the synchrotron 
superbubble is located on the near side of a dense cloud. 
The absence of clear morphological signatures of the HI 
shell structure in the vicinity of the synchrotron super- 
bubble noted above most likely stems from the fact that 
only a small fraction of the HI column density is involved 
in this expansion that is clearly revealed by its kinematics. 

The fact that the neutral gas reveals a classical velocity 
ellipse, while the ionized gas reveals only separate, rapidly 
moving knots can be explained by the homogeneity of the 
HI region and by the dumpiness of the HII region, which 
is clearly seen in the [SII] and Ha line images presented 
above. 

5. Conclusions 

Our [SII] line image reveals the optical shell about 170 pc 
in size (at a distance of 790 kpc) that can be identified with 
the synchrotron superbubble better than the Ha image. 

A detailed study of the ionized gas kinematics allowed 
us to estimate the characteristic expansion velocity of 
the bright knots and filaments in the optical shell: 50- 
80 km s _1 ; the expansion velocity determined from weak 
line features is ~ 100 km s _1 . 

Having estimated the electron density in the northern 
part of the optical shell from the [SII]6717/6731 A ratio, 
n e — 20-30 cm -3 , by assuming the shell thickness to be 
~ 0.1 of its radius, we found its mass M ~ 4 x 1O 5 M 
and kinetic energy E^ n ~ (1-3) x 10 52 erg from the 
measured expansion velocity of 50-80 km s _1 . This en- 
ergy is intermediate between the estimates E^ n ~ (5- 
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6) x 10 52 erg from Thurow and Wilcots (2005) and E kin ~ 
(0.6-1.2) x 10 51 erg from Bullejos and Rosado (2002) and 
Rosado et al. (2002). The shell's energy found corresponds 
to the explosions of about ten supernovae plus the stellar 
wind from their host association, as suggested by Yang 
and Skillman (1993), or a hypernova explosion, as we sug- 
gested in (Lozinskaya and Moiseev 2007). 

The shell age, t ~ (3-7) x 10 5 yr, corresponding to 
the derived expansion velocity is a strong argument for 
the hypothesis of a hypernova explosion, since it takes at 
least t ~ 10 7 yr for the explosions of ten supernovae in the 
galaxy's local region. 

Comparison of the ionized and neutral gas kinemat- 
ics leads us to conclude that the synchrotron superbubble 
is located on the near side of a dense HI and CO cloud 
observed here. 
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